Preferential sorption of Co 2þ ions over Ni 2þ ions was achieved using biogenic Mn oxides produced by the Mn-oxidizing fungus Paraconiothyrium sp. WL-2 strain with a maximum selectivity coefficient ( Co ) of 18. The selective sorption was based on different sorption mechanism for Co 2þ and Ni 2þ and unique properties of biogenic Mn oxides. The octahedral Co 2þ ions occupy vacancies of central metal sites and edge sites in the octahedral Mn oxide unit structures of biogenic Mn oxides, where they are immobilized by oxidation to CoOOH by Mn(III). In contrast, Ni 2þ ions are sorbed primarily on layer edges at circumneutral pHs without oxidation. Selective sorption of Co 2þ over Ni 2þ on the biogenic Mn oxides results from more vacant sites, higher Mn(III) contents, and larger specific surface areas compared to synthetic Mn oxides.
Introduction
Manganese oxide deposits are often found in natural biofilms at neutral pHs in hot springs, mining sites, and hydrothermal vents. Most of these oxides are produced by microbiologically induced processes. These processes have recently been applied to treat Mn-bearing drainage using natural attenuation in wetlands. 1, 2) The oxidation products are mainly insoluble Mn(III, IV) oxides of the birnessite family, composed of edge-sharing MnO 6 octahedral with high negative structural charge due principally to vacant cation layer sites, leading to high cation sorption capacities. [3] [4] [5] [6] Natural Mn oxides often are poorly crystalline solids with high specific surface areas, 7) and few structural investigations of them have been performed. 8) Their unique properties should cause various interactions with major cations, heavy metals and rare earth elements in the environment including sorption, oxidation/reduction reactions, and precipitation. Dong et al. have found that biogenic Mn oxides accumulated Pb 2þ preferentially over Cd 2þ . 9) This observation was explained on the basis of the different ionic radii of the cations and their ability to occupy vacant sites on the surface of biogenic Mn oxides.
It is well known that manganese nodules are rich in several rare metals especially cobalt. 10) Detailed studies of natural accumulation would provide information to establish separation and recovery techniques. Nickel and cobalt occur in association with manganese in ocean nodules, 11) nickel laterite, 12) and manganiferous deposits. 13) In the present work, selective sorption of Co 2þ over Ni 2þ using biogenic Mn oxides was investigated at ambient temperatures and circumneutral pHs.
Experimental
Biogenic Mn oxides were produced by a Mn-oxidizing fungus, Paraconiothyrium sp. WL-2 strain 14) and characterized as poorly crystalline birnessite with a specific surface area of 81.4 m 2 Ág À1 . The details of the characterization were reported elsewhere. 15) Synthetic Mn oxide was produced by oxidation of MnSO 4 solution with ammonium peroxodisulfate with heating to boiling. The product was ramsdellite (-MnO 2 ) with a specific surface area of 11.5 m 2 Ág À1 . Average oxidation states in biogenic and synthetic Mn oxides were estimated by determination of Mn(II), Mn(IV) and total Mn.
15) The Mn(II) contents were determined by atomic absorption spectrometry (Solar AAS Thermo Elemental) after extraction with 50 mM CuSO 4 . After the required mass of Mn oxides were dissolved in oxalate to reduce Mn(IV), the residual oxalate was determined by titration with KMnO 4 .
Sorption experiments using both materials were conducted as follows: 0.020 g of freeze-dried biogenic Mn oxide or 0.015 g of freeze-dried synthetic Mn oxide powder was suspended in 0.150 dm 3 of 0. . The ratio of sorbent mass to solution volume was the same as in a single-solute experiment. Each experiment was conducted in duplicate. The solid residues were filtered using a 0.45-mm membrane filter, and then lyophilized overnight.
To investigate the chemical states of Mn, Co and Ni in the precipitates, XP-spectra for the biogenic and synthetic Mn oxides after Co-Ni sorption were collected using a PHI 5800 ESCA. After evacuating to less than 5:0 Â 10 À7 Pa for more than 30 min, the sample was transferred into the analysis chamber at less than 2:0 Â 10 À9 Pa, and then irradiated with monochromatic Al K X-rays using a neutralizer. The pass energy was 93.90 eV, the step energy was 0.800 eV and the step was 20 ms. The binding energy, E B , was calibrated with E B [C 1s] ¼ 284:8 eV. Data were analyzed with CASAXPS software (Ver. 2.1.1). Backgrounds were drawn using the Shirley method. 16) 
Results and Discussion
Molar ratios of Mn(II), Mn(III) and Mn(IV), and average oxidation states (AOS) of biogenic and synthetic Mn oxides are summarized in Table 1 Figure 1 shows the time courses of Co 2þ and Mn 2þ ions during sorption of Co 2þ ions on biogenic Mn oxides at 25 C. The Co 2þ ions were well sorbed on the biogenic Mn oxides in Fig. 1(a) . About 200 h were required to achieve equilibrium when the initial Co 2þ concentration was 1.74 mmolÁdm À3 . In experiments with higher initial concentrations of Co 2þ , data scatter was probably caused by the small amount of sorbent (0.020 g) relative to solute. Initial release of Mn 2þ was caused by ion-exchange with Co 2þ ions, indicating that the selectivity of ion-exchange is in the order of Co 2þ > Mn 2þ , followed by gradual re-sorption of Mn 2þ in Fig. 1(b) . The maximum release of Mn was from 0.10 to 0.12 mmolÁdm À3 in the presence of 0.197-1.74 mmolÁdm À3 Co 2þ ions. The mass of biogenic Mn oxides used here includes Mn(II) corresponding to around 0.12 mmolÁdm À3 of Cu-exchangeable Mn(II), based on around 5 mass% Mn(II) contents as previously reported.
7) The re-sorption rate Mn 2þ was faster with lower initial Co 2þ concentrations. In the absence of Co 2þ Mn release was still observed (about 0.04 mmolÁdm À3 ), but the re-sorption was much slower than when Co 2þ was present. It has been reported that Co 2þ ions are oxidized by biogenic and synthetic Mn oxides to form CoOOH and that Mn(III) species are more effective oxidants of Co 2þ than Mn(IV) species in the biogenic Mn oxides. 7) These observations indicate that released Mn(II) ions are immobilized by co-precipitation with CoOOH. 17) In contrast, Co 2þ ions were less sorbed on the synthetic Mn oxides and no release of Mn ions were observed (Fig. 2) . The results are consistent with the lack of Cu-exchangeable Mn(II) and Mn(III) in the synthetic Mn oxides. 7) Nickel ions were much less sorbed than Co 2þ ions on the biogenic and synthetic Mn oxides as shown in Figs. 3(a) and 4(a). These results are consistent with previous reports by Tani et al. 18) Very little sorbed Ni 2þ was detectable by ICP-MS with the synthetic Mn oxides (Fig. 4(a) ). The required times to reach equilibrium were shorter than in case of Co 2þ in both materials (Figs. 1(a), 2(a), 3(a), 4(a)). It took less than 50 h to attain equilibrium with the biogenic Mn oxide even when the initial Ni 2þ concentration was 2.3 mmolÁdm À3 ( Fig. 3(a) ). Fewer Mn 2þ ions were released (Fig. 3(b) and Fig. 1(b) ) and the response was slower, depending on the loading of Ni 2þ ions (Fig. 3(b) ). The selectivity for ion-exchange is in the order of Co
Sorption data for Co 2þ and Ni 2þ on the biogenic and synthetic Mn oxides system were well described by the linearized Freundlich isotherm as shown in Fig. 5 .
in which Q is the sorbed quantity of the solute per unit mass of sorbent as Mn-kg (mmol kg À1 -Mn), C e is the equilibrium concentration of solute (mmol dm 3 ), and F (dm 3 kg À1 ) and n (dimensionless) are constants. In preliminary experiments, it was confirmed that cellular tissues were not responsible for sorption of Co 2þ and Ni 2þ on the biogenic Mn oxides. The Q values were normalized for mass of Mn(III, IV) excluding Mn(II) in Mn oxides in Fig. 5 . It can be seen that Q values for Co 2þ and Ni 2þ sorption to biogenic Mn oxide were in an order of magnitude greater than those to the synthetic Mn oxide. The difference is primarily caused by the large Fig. 6 .
in which Q max is sorption capacity of the solid and L is the Langmuir constant corresponding to the affinity of com- pounds to the solid. 19) As can be seen from the correlation coefficients, larger scatter was observed for the biogenic Mn oxides compared to the synthetic ones, and sorption of Ni was better described by the linearized Langmuir equation than was sorption of Co 2þ . These results suggest that there is poorer uniformity in sorption sites on biogenic Mn oxides than on synthetic ones, and that Ni 2þ ions are more preferably sorbed on the limited and uniform sites than are Co 2þ ions. Fig. 7 . The Mn 2þ ions (0.10-0.12 mmolÁdm À3 ) were released within 24 h primarily due to ion-exchange with Co 2þ ions in biogenic Mn oxides (Fig. 8(a), (c) ), in a manner similar to the data shown in Fig. 1 . After that Mn 2þ ions were immobilized by co-precipitation with CoOOH. While nickel ions were less sorbed, they inhibited sorption of Co 2þ ions (Fig. 7(a), (b) ). This trend was observed also in synthetic Mn oxides in Fig. 8(a), (b) .
Significantly greater selective sorption of Co 2þ over Ni 2þ was observed on the biogenic Mn oxides. The selectivity coefficient ( 1 ) of component 1 in the presence of component 2 is expressed in the following equations, where X and C indicate the mole fractions in sorbed and aqueous phases, respectively.
The selectivity coefficients of Co 2þ ( Co ) and Ni 2þ ( Ni ) ions (Fig. 1(b) , Fig. 7(c) ). This is reasonable considering that selectivity of ion exchange with Mn 2þ in the biogenic Mn oxide is greater for Co 2þ over Ni 2þ . However, as shown in Fig. 8 , the selective sorption as above was not clearly seen with the synthetic Mn oxides. The high selectivity is one of the unique characteristics of the biogenic Mn oxides.
XP-spectra of the Mn 3s, Co 2p, and Ni 2p regions for the biogenic Mn oxide and the synthetic Mn oxide after Co-Ni sorption in a binary system were collected. Based on the analysis of Mn 3s spectra for both Mn oxides, the splitting of Mn 3s and the satellite was 4.7 eV for both (Fig. 9) , suggesting that the surfaces of the Mn oxides consist of mostly Mn(IV). (Fig. 12(1) , (2)), with the preference in the order of Co 2þ > Mn 2þ > Ni 2þ . The Co 2þ ions are taken up in vacant sites (Fig. 12(3) ) and edge sites (Fig. 12(4) , (5) ions occurred at the vacant sites. It has been speculated based on XANES and other structural analysis techniques 21) that there are many more vacant sites and edge sites in biogenic Mn oxides than in synthetic Mn oxides. In addition, biogenic Mn oxides are usually poorly crystalline with non-uniform morphologies but highly uniform pore sizes of around 4 nm. 7) The unique properties of biogenic Mn oxides suggest a potential to separate Co from Ni in leachates of natural resources.
